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METHODS FOR GENERATING AND TRANSMITTING FREQUENCY HOPPED 

SIGNALS 



Field Of the Invention 

The present invention is directed to methods 
10 and apparatus for communicating information and, more 

particularly, to methods and apparatus for generating and 
transmitting frequency division multiplexed signals. 



15 Background 

In Frequency Division Multiplexing (FDM) 
communication systems, the available spectral bandwidth W 
is divided into a number of spaced sub-carriers, 
20 fnr which are used to transmit information. Specifically, 

information bits are first mapped to complex FDM symbols 
Bi^ ...^ B/v. The signal to be transmitted, S (t) ^ is 
constructed by individually modulating those symbols onto 
the sub-carriers over an FDM symbol duration, that is, 

25 

S(t) = Zj,=i ^ ISj, \ COS [2k fj, t+Oj,], 

where \B]^ \ and are the amplitude and the phase of 
complex symbol Bj^, respectively, and t is the time 
30 variable. Orthogonal Frequency Division Multiplexing 
(OFDM) is one particular example of FDM. 
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Figure 1 illustrates a known system 100 for 
generating and transmitting an OFDM signal S (t) . In the 
known system 100, a digital signal generator 112, 
generates a sequence of baseband discrete complex samples 
5 of S (t) f which are then converted to an analog continuous 
signal through use of a digital-to-analog converter 114. 
The analog signal generated by the D/A converter 114 is 
passed through a low-pass filter (LPF) 115, mixed to the 
carrier frequency by mixer 116, amplified with a power 
10 amplifier 118, and finally transmitted over the 

communication channel 120. The LPF 115 is normally 
selected as a function of the frequency of the signal 
generated by the digital signal generator 112. 



15 In the known system, information to be 

transmitted on sub-carriers is combined in the digital 
domain so that by the time digital to analog conversion 
occurs distinct sub-carrier symbols do not exist, e.g., 

separate symbols corresponding to different sub-carriers 
20 are not available to be subject to separate and distinct 
digital to analog conversion operations and/or separate 
analog signal processing operations. 



One major drawback of the known OFDM signal 
25 generation technique is the high peak-to-average ratio of 
the transmitted signal to be amplified. Loosely 
speaking, the peak-to-average ratio is the ratio of the 
maximum and the average powers of a signal. In general, 
the signal reception capability depends on the average 
30 power of the signal. However, to avoid nonlinear 

distortion such as signal clipping, the power amplifier 
at the transmitter normally has to operate linearly 
across the full dynamic signal range of the generated 
signal. This usually requires use of a class A power 
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amplifier. As a result of the linear nature of the power 
amplifier 118, the power consumption of the power 
amplifier mainly depends on the maximum transmission 
power. Hence, the peak- to-average ratio is an important 
5 measure of power consumption given the quality 
requirement of signal reception. 

In the OFDM system 100, the analog signal to be 
amplified is the sum of many sinusoid waveforms, e.g., 
sub-carrier signal. Assuming complex OFDM symbols B^, 
Bm are independent random variables, the analog signal at 
a given time instant will tend to be a Gaussian 
distributed random variable, which is well recognized to 
have a large peak-to-average ratio. Hence, the 
transmission of the OFDM signals generally consumes a 
significant amount of power, which is very undesirable, 
e.g., for mobile transmitters using battery as power 
supply. Various methods have been proposed to reduce the 
peak-to-average ratio of the OFDM signals. The basic 
ideas in these methods is to arrange complex symbols Bi , 
...,Biv appropriately to minimize the peak to average ratio. 
However, in such methods, the fundamental structure of 
signal transmission of combining sub-carrier signals 
first and then power amplifying the combined signal is 
normally the same as shown in Figure 1. 

In order to overcome some of the power 
amplification problems of the Fig. 1 system, a system 
such as the one shown in Fig. 2 was developed. Fig. 2 
30 illustrates a frequency division multiplexer signal 

generation and transmission system capable of generating 
and transmitting OFDM signals. As illustrated in Fig. 2, 
information bits to be transmitted on various 
sub-carriers are first mapped to complex OFDM symbols Bi, 



15 



20 
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Bm, e.g., one symbol per sub-carrier for each symbol 
period, by a digital symbol generator (DSG) 202. Each 
OFDM symbol (where 1< k<NJ is then modulated to a 

corresponding sub-carrier using a corresponding 
5 sinusoidal signal generator 214, 214' of signal generator 
module 204, thereby generating an analog sinusoid signal 
for one symbol duration for each sub-carrier. The symbol 
duration is equal to the inverse of the spacing between 
two adjacent sub-carriers, plus the duration of a cyclic 
10 prefix portion when present. Each complex OFDM symbol to 
be transmitted is used to convey information bits to be 
communicated . 



In the Fig. 2 system, the sinusoid signal 

15 generators for each sub-carrier are fixed frequency 
signal generators. The signals (SSi-SSn) of the sub- 
carriers are power amplified individually. The 
amplification of individual sub-carrier signals is 
performed in parallel, e.g., by using different sub- 

20 carrier signal paths, each sub-carrier signal path 

including a single power amplification module 206, 206' 
and a corresponding fixed filter 218, 218'. Each of the 
fixed filters 218, 218' correspond to the particular 
subcarrier frequency of the subcarrier path and is used 

25 to reject high order harmonics relative to the frequency 
of the subcarrier to which the filter 218, 218' 
corresponds. In cases where the filters 218, 218' are 
implemented as bandpass filters, they will normally have 
a passband centered around the corresponding subcarrier 

30 frequency and a bandwidth corresponding to the distance 
between subcarrier frequencies. In such a case, if the 
subcarrier frequency spacing is Af the filter 218 will 
normally be a fixed filter with a center frequency 
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centered around fi and a bandwidth of approximately Af . 
Similarly, in such a case filter 218' corresponding to 
subcarrier N, will normally be a fixed filter with a 
center frequency centered around fN and a bandwidth of 
5 approximately Af . Fixed filters are relatively 

inexpensive to implement while matching filter cutoff 
regions to particular subcarrier frequencies has the 
advantage of reducing noise and potential interference 
between subcarrier signals which are later combined 
10 exclude signals , e.g., high order harmonics or other 
signals . 



The use of fixed filters of the type described 
in regard to the Fig. 2 system works well when subcarrier 
15 signal paths correspond to a single fixed frequency. 



Unfortunately, it is often the case that the 
frequencies on which a particular device may want to 
transmit information can change with time. In the case 
20 of a mobile device such as a PDA or other mobile 

communications device, the subcarrier frequencies upon 
which the mobile device is to transmit at any given time 
may change due, e.g., to changes in channel transmission 
allocations and/or the use of frequency hopping schemes. 

25 

In the case of a base station where the same 
set of N subcarrier frequencies is used on a continuous 
basis to transmit data, e.g., to a plurality of mobile 
devices, it may be practical to use N dedicated fixed 

30 subcarrier amplification and filtering signal path as 
shown in Fig. 2. This is because all or most of the N 
subcarriers will be used at any given time, e.g., with 
the data intended for different mobile devices being 



directed to the particular subcarrier signal path that 
corresponds to the frequencies allocated to the 
particular intended mobile device at any point in time. 

5 Unlike base stations, mobile devices often use, 

at any given time, a small subset, e.g., M, of the total 
N subcarrier frequencies used in a cell at any given time 
where N>M. From cost, size and other reasons such as 
weight, in various devices, but particularly mobile 

10 devices, it is often impractical to provide a separate 
dedicated transmitter subcarrier signal path, e.g., 
amplifier and filter, for each of N possible subcarrier 
signals. This is particularly the case when only a small 
subset, e.g., M, of potential subcarrier frequencies N, 

15 may be used for transmission purposes at any given time. 

In view of the above discussion, there is a 
need for improved frequency division multiplexed signal 
generation and transmission techniques. While the 

20 techniques should provide for low peak- to-average power 
ratios and therefore improved energy efficiency during 
power amplification stages of signal generation they 
should also be practical in terms of hardware 
implementation and not require separate subcarrier signal 

25 paths for each potential subcarrier frequency which may 
be used. It is desirable that at least some of the new 
methods and apparatus be suitable for use with frequency 
hopping schemes and OFDM signals and that at least some 
methods be well suited for use in implementing mobile 

30 communications devices, e.g., at reasonable cost. 
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Brief Description of the Figures : 



Figure 1 illustrates a known system for 
generating and transmitting OFDM signals. 

5 

Figure 2 illustrates a second known system for 
generating and transmitting OFDM signals. 



Figure 3 illustrates an exemplary frequency 
10 hopping transmission system for generating and 

transmitting OFDM signals utilizing a frequency control 
module, programmable signal generators, and fixed filters 
at least some of which have the same passbands despite 
corresponding to different subcarrier signal 
15 amplification and filtering paths. 



Figure 4 illustrates an exemplary frequency 
hopping system for generating and transmitting OFDM 
signals utilizing a frequency control module, 
20 programmable signal generators for subcarrier 

frequencies, programmable filters and programmable power 
amplification circuits in accordance with another 
embodiment of the present invention. 



25 Figure 5 illustrates an exemplary frequency 

hopping system which uses a combination of fixed and 
programmable filters . 



Figures 6, 7 and 8 illustrate diagrams which 
30 show how N different tones can be used and filtered in 
accordance with various embodiments of the invention. 
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Summary of the Invention : 

The present invention is directed to frequency 
hopping transmission systems where signals are 
5 transmitted using a plurality of subcarrier signals. 
Various embodiments of the present invention are 
particularly well suited to orthogonal frequency division 
multiplexed (OFDM) systems. In OFDM systems subcarrier 
frequencies are carefully selected so that they do not 

10 interfere with one another. In many frequency hopping 
systems, individual mobile devices in a cell are 
allocated a subset, e.g., M, of possible subcarrier 
frequencies at any given time on which they can transmit 
signals. Thus, while mobile devices in a cell may use 

15 any of N subcarrier frequencies to transmit data over 

time in many systems during any given transmission period 
the mobile device may transmit on at most, M subcarrier 
frequencies where M<N. 

20 In accordance with the present invention, a 

mobile device is provided with M different subcarrier 
amplification and filtering signal paths which the M 
signals, each corresponding to a different subcarrier 
frequency, being combined prior to transmission. As will 

25 be discussed below, rather than provide N different 

amplification and filtering paths, programmable signal 
generators are used in combination with programmable 
and/or fixed filters. At least one amplifier and filter 
is provided per subcarrier amplification and filtering 

30 signal path. In various embodiments, the circuitry on 
each subcarrier amplification and filtering path is the 
same with a control module determining the subcarrier 
frequency generated by signal generator on each 
individual subcarrier path. 
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In one embodiment, the filters are made 
programmable and are controlled by the frequency control 
module used to control the subcarrier signal generators. 
5 In such an embodiment the filter on each subcarrier 
signal path is controlled to be centered about, or at 
least pass, frequencies corresponding to frequency 
setting of the subcarrier signal generator on the same 
subcarrier signal path. In this manner, multiple 

10 subcarrier signal generation, amplification and filtering 
signal paths can be implemented using the same or similar 
programmable circuits which makes design an manufacturing 
relatively simple. Since the signal generation and 
filtering is programmable, any subcarrier signal path can 

15 be used for any subcarrier frequency allowing a device to 
implemented with M subcarrier signal amplification and 
filtering paths which is less than the number of 
subcarrier signal frequencies which are supported. When 
programmable power amplification circuits are used, 

20 different subcarrier signals can be subjected to 

different amounts of amplification prior to transmission 
if desired. 



In one particular embodiment which uses fixed, 
25 as opposed to programmable filters on individual 

subcarrier signal amplification and filtering paths, each 
fixed filter used in a subcarrier signal path has a 
passband at least as wide as N times the frequency 
spacing between subcarrier signals. Such a wide filter 
30 allows any subcarrier amplification and filtering path to 
be used with any one of the N subcarrier frequencies 
which may need to be supported. Such an approach is 
particularly well suited for use with OFDM 
implementations since the individual subcarrier signals 
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do not interfere significantly with one another. By- 
using fixed filters having passbands corresponding to N 

times the subcarrier signal spacing Af, the manufacturing 
and implementation advantages of using fixed filters on 
5 subcarrier signal amplification and filtering paths can 
be obtained without limiting the subcarrier signal paths 
to a particular subcarrier frequency. 



In some embodiments, where providing the 
10 subcarrier filters with a passband NAf wide would provide 
insufficient filtering, a fixed filter with a passband at 
least XAf wide is provided for each of the subcarriers, 
where X is less N but some multiple of Af . In such an 
embodiment, various subcarrier filters are provided with 
15 different center frequencies but each fixed filter is 
able to pass multiple subcarrier frequencies thereby 
allowing the programmable signal generator associated 
with the signal path to be changed from one subcarrier 
frequency to another, within limits imposed by the 
20 corresponding filter bandwidth, but avoiding the need for 
programmable filters. In one embodiment, X is equal to N 
divided by the number of M. 



Thus, the various embodiments of the present 
25 invention allow devices to be implemented using different 
subcarrier signal amplification and filtering paths, the 
devices of the present invention are implemented in a 
cost and hardware efficient manner particularly in cases 
where a device is limited to using a subset of possible 
30 subcarrier frequencies at any point in time. While 

allowing for fixed filter implementations, the methods of 
the present invention still support programmable signal 
generators on subcarrier amplification and filtering 
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signal paths while providing the power benefits 
associated with the use of separate power amplifiers for 
each of a plurality of different subcarrier signals. 

5 

Detailed Description of the Invention : 

As discussed above, the present invention is 
directed to frequency hopping transmission systems where 

10 signals are transmitted using a plurality of subcarrier 
signals, each subcarrier corresponding to a different 
frequency. The methods and apparatus of the present 
invention are particularly well suited for use in mobile 
devices where, at any given time, the mobile device will 

15 normally use a subset, e.g., a small number, of the total 
number of subcarrier frequencies, e.g., tones, available 
for use in a cell by mobile devices. The tones may be 
used for transmitting signals, e.g., data and/or control 
information, to a base station. Various embodiments are 

20 directed to frequency hopping implementations and, in 
some implementations, frequency hopping OFDM systems 
which can take advantage of various fixed frequency 
filter features of some embodiments. 

25 Fig. 3 illustrates an exemplary frequency 

hopping frequency division multiplexer signal generation 
and transmission system 300 capable of generating and 
transmitting OFDM signals in accordance with the present 
invention. The transmission system 300 may be part of an 

30 individual mobile device. In accordance with the present 
invention, an individual mobile device in a cell may be 
allocated a subset, e.g. M, possible subcarrier 
frequencies at any given time on which the mobile device 
can transmit signals. Thus, while mobile devices in a 
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cell may use any of N subcarrier frequencies to transmit 
data over time, in the exemplary system during any given 
transmission period, the mobile device may transmit on at 
most, M subcarrier frequencies, where M<N . The Fig. 3 
5 system 300 includes a Digital Signal Generator (DSG) 302, 
a signal generator module 304, a first filter module 306, 
a power amplification module 308, a second filter module 
310, a combiner circuit 312, a filter 314, a power 
amplifier 315, a channel 316, and a frequency control 

10 module 318. As illustrated in Fig. 3, information bits 
to be transmitted on various sub-carriers are first 
mapped to complex OFDM symbols Si, Bm, e.g., one symbol 
per sub-carrier for each symbol period, by the digital 
symbol generator (DSG) 302. Each OFDM symbol B]^ (where 

15 1< k <M^ is then modulated to a corresponding sub-carrier 
fxk (where l<k<M) using a corresponding programmable 
signal generator thereby generating an analog signal for 
one symbol duration for each sub-carrier. The generated 
subcarrier signals may be sinusoidal signals. Each 

20 subcarrier signal is separately processed via a separate 
subcarrier processing path, each of which includes at 
least one amplifier and one corresponding filter. OFDM 
symbol Bi is modulated to subcarrier fx^ by programmable 
sinusoid generator for subcarrier 1 fxi 320 of signal 

25 generator module 304; while OFDM symbol Bm is modulated to 
subcarrier fxM by programmable sinusoid generator for 
subcarrier M fxM320' of signal generator module 304. The 
symbol duration is equal to the inverse of the spacing 
between two adjacent sub-carriers, plus the duration of a 

30 cyclic prefix portion when present. Each complex OFDM 

symbol Bj^ to be transmitted is used to convey information 
bits to be communicated. Frequency control module 318 is 
used to control the operation of the programmable 
sinusoid signal generators 320, 320', as the frequency 



hopping occurs and the subcarrier frequencies fxi, fxn 
assigned to each generator 320, 320', respectively are 
changed. 

5 First filter module 306 may be placed after the 

signal generator module 304. First filter module 306 
includes M fixed filters, each corresponding to a 
different subcarrier processing path: fixed filter 1 322, 
fixed filter M 322' . Each filter 322, 322' receives and 

10 filters the output of corresponding programmable sinusoid 
signal generator 320, 320', respectively, and has a 
passband at least as wide as Yx Af where Y is a positive 
value greater than 1 but not necessarily an integer and 
Af is the average frequency spacing between individual 

15 ones of the N allowable subcarriers frequencies. Where 
subcarrier frequencies are uniformly spaced, the average 
subcarrier spacing will equal the frequency separation 
between subcarriers . 

20 In one embodiment of the present invention, 

each filter 322, 322' has a passband at least as wide as 
N times the frequency spacing between subcarrier 
frequencies (N x delta f ) or (NAf ) . Such a wide filter 
allows subcarrier amplification and filtering path to be 

25 used with any one of the N subcarrier frequencies which 
may need to be supported. Such an approach is 
particularly well suited for use with OFDM 
implementations since the individual subcarrier 
frequencies do not interfere significantly with one 

30 another. By using fixed filters 322, 322' having 

passbands corresponding to N times the subcarrier signal 
spacing delta f (NAf) , the manufacturing and 
implementation advantages of using fixed filters on 
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subcarrier signal amplification and filtering paths can 
be obtained without limiting the subcarrier signal paths 
to a particular subcarrier frequency. Using the same 
design for filters 322, 322' provides for design and 
5 implementation simplicity along with the associated 
potential cost savings. This novel approach of wide 
common fixed filters 322, 322' is possible and 
advantageous because of the unique characteristics of 
OFDM signaling, the implementation of a frequency hopping 

10 system, and the ability to know the maximum bandwith 

required for the N supported tones. As the subcarrier 
frequency (e.g. fxi of programmable generator 320 is 
changed), due to frequency hopping, the filter used (e.g. 
fixed filter 1 322 with bandwidth NAf) need not be 

15 changed. 

In another embodiment of the present invention, 
where providing the subcarrier filters 322, 322' with a 
passband NAf wide would provide insufficient filtering, Y 

20 is selected to be less than N. In such a case, a fixed 
filter with a passband at least YAf wide is provided for 
each of the subcarriers, with the individual filter's 
passband being centered, for a given subcarrier path, at 
the center of the band of subcarrier frequencies which 

25 may be transmitted over the subcarrier signal path. In 
such an embodiment, various subcarrier filters 320, 320' 
are provided with different center frequencies but each 
fixed filter 322, 322' is able to pass multiple 
subcarrier frequencies. This allows the programmable 

30 signal generator 320, 320' associated with the signal 
path to be changed from one subcarrier frequency to 
another, within limits imposed by the corresponding 
filter bandwidth (YAf) , while avoiding the need for, and 
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cost of, programmable filters. In such an embodiment, 
frequency control module 318 selectively controls 
generator 320 so that subcarrier frequency fxi will remain 
within the acceptable frequency passband corresponding to 
5 the range of fixed filter 1 322. Similarly, frequency 
control module 318 would selectively program or limit 
generator 320' to generate subcarrier frequencies fxM 
within the passband frequency range of fixed filter M 
322' . 

10 

In one particular embodiment, Y is equal to N 
divided by the number of M. In another embodiment of the 
invention, the total required passband NAf may be divided 
into subsets of passbands of varying bandwidth; each 
15 fixed filter 322, 322' may have an associated bandwidth 

YiAf, YnAf, where I!]^=i ^ Y^Af = NAf. In other embodiments 
there may be redundant or overlapping passbands for the 
fixed filters 322, 322' where the total sum coverage is 
at least NAf. 

20 

The outputs from the first fixed filter module 
306 are input to the power amplification module 308. 
Power amplification module 308 includes M power 
amplification circuits 324, 324' one per subcarrier 

25 processing path. Power amplification circuits 324, 324' 
may include linear and/or non-linear stages. Power 
amplification circuits 1,M (324,324') correspond to and 
amplify the signal from first fixed filters 1, N (322, 
322'), respectively. The outputs from the power 

30 amplification module 308, are input to the second fixed 
filter module 310. Second fixed filter module 310 
includes M fixed filters: fixed filter 1 326, fixed 
filter M 326' . The filters 326, 326' of the second 
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filter module 310 are similar to the filters 322, 322' of 
the first filter module 306. The rationale and possible 

embodiments (previously described) for the filter 
selection in first filter module 306 also applies to the 
5 filter selection in second filter module 310. Each 
filter 326, 326' receives and filters the output of 
corresponding power amplification circuit 324, 324'. The 
filtered analog power amplified sub-carrier signals that 
are output from the second filter module 310 are added by 

10 one or more combining devices, e.g., analog multiplexers, 
which are used to implement combiner circuit 312. The 
combined signal generated by combiner circuit 312, is 
passed through an additional filter 314 and a power 
amplifier 315 and then transmitted over the communication 

15 channel 316. 

Fig 4 illustrates another exemplary frequency 
hopping frequency division multiplexer signal generation 
and transmission system 400 capable of generating and 

20 transmitting OFDM signals in accordance with another 
embodiment of the present invention. The exemplary 
system 400 of Fig. 4 is similar to the exemplary system 
300 of Fig. 3 in several aspects. For purposes of 
brevity, the differences between Fig. 3 and Fig. 4 shall 

25 be described. System 400 includes a first filter module 
406, a power amplification circuit 408, a second filter 
module 410, and a frequency control module 418 of Fig. 4 
instead of the first filter module 306, power 
amplification module 308, second filter module 310, and 

30 frequency control module 318 of Fig. 3. Filter module 
406 includes M programmable filters 422, 422' . 
Similarly, second filter module 410 includes M 
programmable filters 426, 426'. Power amplification 
module 408 includes M programmable power amplification 
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circuits 424, 424'. Frequency power control module 418 
controls the programmable filters (422, 422') and (426, 
426') of first and second filter modules (406, 410) in 
addition to controlling the programmable sinusoidal 
5 signal generators for subcarriers (320, 320') of the 

signal generator module 304, and the programmable power 
amplification modules (424, 424') of the power 
amplification module 408. Exemplary system 400 has the 
advantage that as frequency hopping occurs (e.g. fxi of 

10 programmable signal generator for subcarrier 1 is 

changed), the corresponding filters (e.g., programmable 
filter 1 422 of first filter module 406, power 
amplification circuit 1 424 of power amplification module 
408, and programmable filter 1 426 of second filter 

15 module 410) can be changed to optimize filtering and 
amplification for the current sinusoidal subcarrier 
frequencies being used. Thus, filter bandwith (passband) 
can be kept at or slightly larger than Af, or at some 
other suitable bandwidth, with the center frequency of 

20 each filter being charged as the subcarrier frequency 
associated with the filter is charged. 



Fig. 5 illustrates an exemplary frequency 
hopping frequency division multiplexer signal generation 

25 and transmission system 500 capable of generating and 
transmitting OFDM signals in accordance with another 
embodiment present invention. Figure 5 shows an 
exemplary case where a combination of fixed and 
programmable filters may be used in accordance with the 

30 invention. The Fig. 5 system 500 includes a Digital 
Signal Generator (DSG) 502, a signal generator module 
504, a first filter module 506, a power amplification 
module 508, a second filter module 510, a combiner 
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circuit 312, a filter 314, a power amplifier 315, a 
channel 316, and a frequency control module 418. The 

signal generator module 504 includes a sinusoidal signal 
generator 519 for subcarrier 0 (ffo), which corresponds to 
5 fixed frequency fo, and M programmable sinusoidal signal 
generators: a programmable sinusoidal signal generator 
for subcarrier 1 fxi 320, a programmable sinusoidal signal 
generator for subcarrier M fxM 320' . The first filter 
module 506 includes a fixed filter 0 524 and M 

10 programmable filters: Programmable filter 1 422, 

programmable filter M 422' . Power amplication module 508 
includes a power amplification circuit 0 533 and M 
programmable power amplification circuits: power 
amplicication circuit 1 424, power amplification circuit 

15 M 424' . The second filter module 510 includes a fixed 
filter 0 525 and M programmable filters: Programmable 
filter 1 426, programmable filter M 426' . 

DSG 502 generates complex OFDM signals Bi 
20 through Bm, may be subjected to tone (frequency) hopping, 
and are processed through programmable generators (520, 
520'), programmable first filters (422, 422'), 
programmable power amplification circuits (424, 424'), 
and programmable second filters (426, 426') which are the 
25 same as, or similar to, those of the Fig. 4 system. DSG 
502 also generates complex OFDM signal Bo . Bo may 
correspond to a control channel which uses a fixed 
frequency (subcarrier ffo) and is not subject to frequency 
(tone) hopping. The sinusoidal signal generator for 
30 subcarrier 0 ffo 519 processes the signal Bo. The output 
signal goes through fixed filter 0 525 (e.g., with 
bandwith Af ) , through power amplification circuit 0 533, 
and through fixed filter 0 (e.g., with bandwith Af ) . Note 



bandwidth Af of fixed filters 524, 525, is selected to 
bandpass signals corresponding to subcarrier ffo. The 
resulting output signal from fixed filter 525 enters the 
combiner circuit 312. In the above-described manner, 
5 fixed filters may be used in combination with 

programmable filters on a different subcarrier signal 
path providing a device that is both cost effective and 
flexible enough to support fixed frequency control 
channels and frequency hopping used to implement data 
10 channels. 

While various exemplary embodiments have been 
described in regard to Figs. 4 and 5, numerous variations 
are possible while remaining within the scope of the 
15 present invention. For example, the first filter module 

may include fixed filters with Bandwidth NAf (322, 322') 
while the second filter module may include programmable 
style filters (426, 426') or vise versa. In addition, a 
single set of filters, on filter per subcarrier 
20 processing path may be used. 

In addition, it should be noted that linear 
power amplifiers may be used to amplify some subcarrier 
signals with non-linear amplifiers being used to amplify 
25 other subcarrier signals. Alternatively, a combination 
of linear and non-linear amplifiers may be used to 
amplify an individual subcarrier signal. 

The usefulness of various embodiments of the 

30 present invention can be appreciated further by 

considering the two diagrams 600, 602 of Fig. 6 and an 
exemplary mobile device. Diagram 602 illustrates an 
exemplary frequency spectrum including 9 subcarrier 
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frequencies, e.g., tones, fi through fg. Different 
subsets of the 9 subcarrier frequencies can be used by 

the exemplary mobile device during different time periods 
to transmit information, e.g., to a base station of a 
5 wireless communications cell. For purposes of explaining 
the advantages of the fixed filter embodiments of the 
invention, it will be assumed that the exemplary mobile 
device uses a first set of 3 (M=3) subcarrier 
frequencies, out of the 9 possible subcarrier frequencies 
10 (N=9) , to transmit information at a first point in time 

and a different second set of 3 subcarrier frequencies at 
a different point in time. 

In accordance with various embodiments of the 
15 present invention, the subcarrier frequencies are 

selected such that the total frequency range covered by 
the subcarriers (e.g., NAf) is a fraction of the main 
carrier frequency. For example, assume for purposes of 
discussion, a 1 GHz main carrier frequency and a 
20 subcarrier frequency spacing Af of lOKHz. In the example 
of the 9 subcarriers provided in Fig. 6, the individual 
subcarrier frequencies may be as follows: 

fk = carrier frequency + k(Af), where k represents 
25 the subcarrier number and Af is the subcarrier frequency 
offset 

assuming a carrier frequency of 1 GHz and a 
subcarrier offset of lOKHz, we have: 

30 

fl = IGHz + lOkHz 
f2 = IGHz + 20kHz 
f3 = IGHz + 30kHz 
f4 = IGHz + 40kHz 
35 f5 = IGHz + 50kHz 
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f6 = 



IGHz + 60kHz 



f7 = IGHz + 70kHz 



f8 = IGHz + 80kHz 



f9 = 



IGHz + 90kHz 



5 



While the 9 subcarrier frequencies are shown as 



being positively offset from the carrier frequency of 
IGHz, commonly the subcarriers are centered around the 
carrier frequency with some of the subcarriers being 
10 offset by a negative multiple of Af. 



sinusoids at fk, 2fk, 3fk, . . . Note that f k is around 1 
GHz in our exemplary implementation. Therefore 2fk (the 
second order harmonic) will be around 2 GHz. Therefore, 

20 in the case of an OFDM signal where subcarriers do not 

interfere with one another one can use a passband filter 
whose bandwidth can be quite wide, e.g., having a 
passband as wide as: N times the frequency difference 
between subcarriers, the carrier frequency (IGHz in the 

25 example) or even wider than the carrier frequency so long 
as the filter remains sufficiently narrow to reject the 
higher order harmonics corresponding to the individual 
subcarries, e.g., frequencies 2fi, 2f2/ 2fN, etc. 



Mathematically, a pulse of frequency fk can be 



decomposed into: 




15 



where hi is a complex number. 

That is, the on/off signal is the sum of 



30 



Accordingly, in various OFDM embodiments of the 
invention, it is possible to use the same filter on each 
of the M subcarrier signal processing paths where the 
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filter has a bandwidth at least as wide as the frequency 
range covered by the subcarrier signals and, in some 

implementations as wide or wider than the frequency of 
the carrier signal associated the subcarriers . In such 
5 embodiments, the filter is still selected narrow enough 
to reject the second order harmonic of any one of the N 
subcarrier signals. Fig. 7 shows one such embodiment 
wherein the same filter is used on each of M signal 
subcarrier amplification and filtering processing paths, 
10 the filtering having a bandwidth 702 which is wide enough 
to pass each of the subcarriers fl through f9 while 
rejecting the higher order harmonics 2fl through 2fN. In 
the Fig. 7 example, assuming a 1 GHz carrier frequency, 
the passpand 702 may be, e.g., 1 GHz. 

15 

In the case of the Fig. 8 example, where the 
filter bandwidth will pass each of the possible 
subcarrier frequencies, frequency hopping can occur 
without concern for a filter on a particular signal path 
20 interfering with transmission of the subcarrier signal 
regardless of which subcarrier frequency is selected. 



Fig. 8 illustrates an example suitable for a 
wide range of frequency division multiplexed 
25 applications, including OFDM applications, where M 
different fixed filters with different fixed filter 
bandwidths 814, 816, 818 are used, one per each of m 
different subcarrier processing paths at any given time 
where, as in the other examples M=3 and N=9. 

30 

In the case of the Fig. 8 example, the 
frequency/power control module 418 is used to determine 
which set of subcarrier frequencies is used at any given 
time and the power to be used by the subcarrier signal. 
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Thus, subcarrier power can be changed, e.g., depending on 
the frequency. In the Fig. 8 example, the N tones are 

uniformly spaced with the average distance between the 
fixed distance between tones Af 602. In such an 
5 embodiment, where M=3, the exemplary mobile 

communications device would normally include 3 subcarrier 
signal processing paths, one corresponding to each of the 
three subcarrier signals. 

10 In the Fig. 7 example, fixed filters having a 

small passband, e.g., a passband which is equal to a 
multiple, e.g., Y, of the average spacing between 
subcarrier frequencies in the set of N frequencies is 
used, where the multiple is less than N. Such 

15 embodiments may be useful in frequency hopping systems, 
e.g., non-OFDM systems where certain subcarriers may 
interfere with each other when used by the same mobile 
device at the same time. 

20 As shown in diagram 812, it is possible to 

select Y which determines the individual filter bandwith 
as a multiple of Af so that the passband 814, 816, 818 of 
the filters corresponding to different subcarrier signal 
paths is a multiple of Af but not so large as to loose 

25 the benefit of signal filtering or the ability to exclude 
the signal corresponding to the next nearest neighboring 
subcarrier that may be used by the device at any given 
time. For example, assume that passbands 814, 816, 818 
correspond to three different subcarrier signal filters 

30 located on different subcarrier signal paths. The 

frequencies transmitted on each signal path may, and 
sometimes are, hopped within the limit of the bandwidth 
of the filter on the corresponding signal path while 
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still being able to filter out other subcarrier signals 
being used by the exemplary mobile device at the same 
time. For example, the first subcarrier frequency 
corresponding to the first of three signal paths can be 
5 hopped in the Fig. 8 example between fl, f2 and f3, the 
second subcarrier can frequency can be hopped between f4, 
f5 and f6, and the third subcarrier can be hopped between 
f7, f8 and f9 without being affected by the use of fixed 
filters having a bandwidth that is 3 times, or 
10 approximately three times, Af . 

It should be appreciated that the particular 
location of the filter in each subcarrier signal path 
relative to the amplifier on the subcarrier signal path 
15 can vary depending on the implementation. Filtering may 

be performed prior to subcarrier signal amplification, 
after subcarrier signal amplification, or both prior to 
and after subcarrier signal amplification. 

20 Numerous additional variations on the methods 

and apparatus of the present invention described above 
will be apparent to those skilled in the art in view of 
the above description of the invention. Such variations 
are to be considered within the scope of the invention. 

25 

For example, while programmable sinusoidal 
signal generators are described in the context of the 
Fig. 3 and 4 exemplary embodiments, it signal to be 
understood that these programmable signal generators 
30 need not be limited to sinusoidal signal generators and 

in various embodiments other types of programmable signal 
generators are used. For example, in one embodiment, the 
signal generator is a square wave signal generator. 



While the output of such a squarewave generator may be 
interpreted as a sum of sinusoids e.g., at fxl, fxl*2, 
fx"^3 and so on, if the filter bandwidth on the 
corresponding subcarrier signal processing path is 
5 smaller than fxl*2, then the output of the filter will 
exclude the sinusoids with the exception of f xl . 

The methods and apparatus of the present 
invention may be, and in various embodiments are, used 

10 with CDMA, orthogonal frequency division multiplexing 
(OFDM) , and/or various other types of communications 
techniques which may be used to provide wireless 
communications links between access nodes and mobile 
devices. In various embodiments the mobile devices are 

15 implemented as notebook computers, personal data 

assistants (PDAs) , or other portable devices including 
receiver/transmitter circuits and logic and/or routines, 
for implementing the methods of the present invention. 

20 The techniques of the present invention may be 

implemented using software, hardware and/or a combination 
of software and hardware. The present invention is 
directed to apparatus, e.g., mobile devices such as 
mobile terminals that implement one or more methods of 

25 the present invention. It is also directed to the 

methods of the invention. The present invention is also 
directed to machine readable medium, e.g., ROM, RAM, CDs, 
hard discs, etc., which include machine readable 
instructions for controlling a machine to implement one 

30 or more steps in accordance with method of the present 
invention . 



